A surface acoustic wave (SAW) device that responds to oxygen pressure was developed by coating a 158-MHz quartz SAW device with an oxygen-binding agent. Two types of coatings were used. One type was prepared by dissolving an oxygenbinding agent in a toluene solution of a copolymer containing the axial iigand. A second type was prepared with an oxygenbinding porphyrin in a toluene solution containing excess axial iigand without a polymer matrix. In the polymer-based coatings, the copolymer served to provide the axial iigand to the oxygen-binding agent and as a coating matrix on the surface of the SAW device. The oxygen-sensing SAW device has been shown to bind oxygen following a Langmuir isotherm and may he used to measure the equilibrium constant of the oxygenbinding compound in the coating matrix.
Ballantine and
Wohltjen. 3 A good introduction to the theory and operation of SAW devices has been given by Wohltjen. 4 A review by Guilbault gives many applications of piezoelectric devices for chemical sensing. Much of the research on oxygen binding agents has centered on efforts to develop synthetic oxygen carriers for applications ranging from synthetic bloodto oxygen enrichment of air.
There are numerous reviews on the subject)1-13 The requirements of an oxygen-absorbing coating on a SAW device for oxygen sensing are essentially the same as those needed for a synthetic oxygen carrier. They are as follows:
(1) Thecompound should have the appropriate equilibrium constant for the reaction: binding agent + 02 _ binding agent-O2.
(2) Oxygen binding should be reversible and rapid. The mole ratio of oxygen to adsorber should be a function of the partial pressure of the oxygen in the system. 
where n is moles of binding sites and M is molecular weight of oxygen (kg/mol). By substituting eq 4 for m in eq 1, it may be readily shown that 
0=
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where P% is the partial pressure of oxygen (Tort) and P1/2% is the partial pressure of oxygen when one-half of the binding sites are occupied. This is a measure of the oxygen-binding constant where l/_., = e,/_ In the case where there is significant solubility of oxygen in the polymer matrix of the film, the dissolved oxygen will contribute to the mass of oxygen in the SAW device coating. This contribution is expressed from Henry's law:
where Co2 is the concentration of oxygon in the coating (tool/ m3), kd is the Henry's law solubility constant (mol of O2/m 3 Torr), and P% is the partial prefa;ure of oxygen (Ton'). The mass of oxygen in the coating would then be given by the sum of the dissolved oxygen and the bound oxygen:
where V is the volume of the coatingon the SAW device active area (m3).
Substituting eq 9 for m in eq 1 and rearranging yields When kd << Pl/2O_, the terms in eq 10 containing kd become negligible, and eq l0 reduces to eel 5. If kd is large relative to PI/2o2, a plot of 1/Afvs l/Po2 is not a straight line, and the intercept is oxygen-pressure dependent.
EXPERIMENTAL SECTION
The The flask was fitted with a Vigreux column and brought to reflux. A 250-rag quantity of COC12 was then added, and the reaction was refluxed for 10 h. The solvent was then removed by vacuum at room temperature. The solid residue was dissolved in 1:10 THF:benzene and loaded on a neutral alumina column. A single band was eluted with l:l:10THF:methanol:
benzene. All of the unreacted COC]2 stayed in a plug at the top of the column. The solvent was pumped off the eluted band at room temperature, and the mass of the product was determined. Five molar equivalents of 1,5-dicyclohexylimidazole (DCHI) and enough toluene were added to make a coating solution containing the desired concentration of dissolved solids.
The oxygen-binding activity of the resulting solution was checked as follows. One drop of the solution used to coat a SAW device was dissolved in 2 mL of toluene in an inert atmosphere box maintained at or below 1 ppm 02. The resulting solution was placed in a cuvette, which was sealed and removed from the box. A UV-visible spectrum of the solution was obtained on a Hewlett Packard 8452A diode array spectrophotometer. 02 was introduced into the cuvette by syringe, and a second spectrum was taken. The peak resulting from the O2-free solution is at a different wavelength than that obtained from the solution containing 02. For
CoCt/2PBP with 1,5-DCH1, the peaks appear at 414 and 424 nm, respectively (see Figure 1 ). Upon purging the 02saturated solution with Ar, the peak at 414 nm is restored, indicating a reversible O2-porphyrin adduct.
Poly(octyl methacrylate-co-vinylpyridine) (POM-co-VP) and poly(butyl methacrylate-co-vinylimidazole) (PBM-CO-VI) were synthesized by radical copolymerization of octyl methacrylate or butyl methacrylate and freshly distilled
4-vinylpyridine or 1-vinylimidazole using azobis(isobutyronitrile) (VAZO-64) as an initiator. A toluene solution of the
polymer was prepared and de,aerated with nitrogen, and the desired weight of the oxygen-binding agent was added to the For a typical run, the temperature of the chamber was first stabilized.
The sensor and connecting tubing were then evacuated. The pressure of the selected test gas was slowly increased to specific points using the variable leak valve. Once the pressure stabilized at a particular value, frequency measurements were taken from each sensor. After measuring the response to oxygen, the system was evacuated and its response to nitrogen was determined. An oxygen scrubber was placed in the nitrogen line to ensure that no oxygen was present. A coil of copper tubing was inserted in the gas line preceding the sensors and within the chamber to allow the temperature of the test gas to equilibrate to that of the chamber.
RESULTS AND DISCUSSION
For a SAW device coated with an oxygen-binding agent, the contribution to mass change when exposed to oxygen pressure is primarily given by eq 4, the Langmuir-type adsorption. Calculating the frequency change for different values of oxygen pressure using eqs 1 and 4 results in the curve shown in Figure 3a . This plot illustrates that as the binding sites become saturated the sensitivity to pressure change decreases. (The curve begins to flatten out). Thus, for a given pressure range there is an optimum binding constant for the active ingredient of the coating. Table 1 gives the optimum values of Pi/2 for different oxygen (and air) pressure H.; OhyaMgi, M.; Okada, 0.;Tmchidg, F.-M_  lgl'/,  20, 417--422.  (23) Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed. ; Joha W'dey and Sons: New York, 1989; p 438.  (24) Bowe_ W. D.;Cbuan, R. L. Re_.Sci.Instrura. 19_), 60 (7) ,1297. The picket-fence porphyrins (PFP) have been reported to be quite stable to oxidation once the axial ligand site on the central metal atom is occupied and are ideal candidates for use as coatings for SAW oxygen sensors._ s._9 Plots of frequency decrease vs oxygen pressure for several pressure cycles using a 158-MHz SAW device coated with CoIZpFP in POM-co-VP are shown in Figure 6 . The toluene solution used to spray the device was prepared to contain 2% polymer and 1% Co"-PFP, which provided a coating containing 34% CoP. Figure   6 represents three different pressurization/evacuation cycles on the same device, illustrating the degree of reproducibility.
The hysteresis which may be noted in Figure 6 Figure  7a shows the response curve for a device coated with 20% Cot_ t/2PBP in POM-CO-VP. The value of Pi/2, as determined from a plot of 1/Afvs 1/!, was found to be 368 Torr (see Figure 8a ). This is considerably larger than the value of 7 Torr determined spectroscopically in toluene solution (unpublished data). However, the solid polymer matrix is very different, and a comparison cannot be made.
The shape of the response curve for all porphyrin-based coatings with a polymer matrix was distorted relative to the theoretical curve (Figure 3) It is not clear why the polymer matrix causes the curve shape to be so different in the case of porphyrin-binding agents. It appears to have the effect of decreasing the oxygen-binding constant.
Polymer coatings can contribute significantly to the device response. 7 Polymer swelling causes an increase in response (larger frequency decrease), but significant swelling due to the solubility of oxygen in the polymer would not be expected.
However, resonance effects can cause a smaller response, as was observed. It is not known how oxygen binding affects the elasticity of the porphyrin/polymer complex or whether or not oxygen binding induces film resonance effects.
Although the response curve of Figure 7b is very close to the theoretical curve of Figure 3 , the total frequency decrease expected from the amount of porphyrin known to be present in the coating was not observed. Only 20--40% of the sites were active, depending on the coating thickness. Thinner coatings gave a higher fraction of active sites, indicating that at least part of the problem is due to incomplete oxygen penetration of the coating. Precautions were taken to make certain that the coating solution bound oxygen by running the absorption spectrum in the absence of oxygen and then in the presence of oxygen.
The absorption maximum for the oxygenated form occurs at 6-10 nm longer wavelength.
However, the percent activity of the coating solution before applying it to the device was not determined. Thus, some portion of the lowered activity in the f'mal coating could have originated in the coating solution.
CONCLUSION
Use of oxygen-binding porphyrins as coating materials for SAW devices gives a chemical sensor that can be used to measure oxygen partial pressure. Application of the SAW sensor to the measurement of binding constants for adsorbenttype coatings has also been demonstrated.
Although we did not characterize interferences, we would expect few interferences when the device is coated with porphyrin/ligand only. Carbon monoxide is known to bind to oxygen-binding porphyrins and would be an expected interference. If polymerbased coatings are used, then there could be numerous interferences due to the absorption of organic vapors by the polymer. Although coatings prepared from porphyrin/ligand only gave more ideal response, they were not as rugged as the ones involving a polymer matrix. More rugged Polymer-free porphyrin coatings could probably be achieved by bonding the ligand to the quartz surface. We chose to control the oxygen partial pressure by controlling the total pressure because our initial investigation was aimed at developing a SAW air pressure sensor. This created the need to corr_t for the physical effect of pressure on the SAW device.
However, measurements of oxygen-binding constants could be done more conveniently by using nitrogen/oxygen standard mixtures at constant total pressure.
Problems with achieving response which is entirely due to oxygen binding still exist since the activity of the coatings was less than expected from the amount of porphyrin applied.
With further development of coating techniques for achieving
high response levels without the presence of interfering substances, the SAW oxygen sensor could be both a sensitive pressure device and a convenient method for measuring oxygenbinding constants. Elimination of the polymer matrix has been shown to bring us closer to this goal.
